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Multiuser Detection Assisted Time- and
Frequency-Domain Spread Multicarrier Code-Division
Multiple-Access
Lie-Liang Yang, Wei Hua, and Lajos Hanzo
Abstract—In this contribution, we study a reduced-complexity mul-
tiuser detection aided multicarrier direct-sequence code-division multiple-
access (MC DS-CDMA) scheme, which employs both time (T)-domain
and frequency (F)-domain spreading. We investigate the achievable de-
tection performance in the context of synchronous TF-domain spread MC
DS-CDMA when communicating over an additive white Gaussian noise
(AWGN) channel. Five detection schemes are investigated, which include
the single-user correlation based detector, the joint TF-domain decorrelat-
ingmultiuserdetector(MUD),thejointTF-domainMMSEMUD,thesepa-
rate TF-domain decorrelating/MMSE MUD, and the separate TF-domain
MMSE/decorrelating MUD. Our simulation results show that the sepa-
rate TF-domain MUD schemes are capable of achieving a similar bit error
rate (BER) performance to that of the signiﬁcantly more complexjoint
TF-domain MUD schemes.
Index Terms—Code-division multiple-access (CDMA), decorrelating,
frequency-domain spreading, joint detection, minimum mean square
error(MMSE),multicarrier(MC),multiuserdetection,separatedetection,
time-domain spreading.
I. INTRODUCTION
Inthecontextofdirect-sequence(DS)code-divisionmultiple-access
(DS-CDMA) communications, there are two types of spread-spectrum
schemes. The ﬁrst of these spread-spectrum schemes [1]–[3] spreads
the originaldata stream using a signature code in the time (T)-domain,
and the spread-spectrum signalis transmitted using a singl e-carrier.
In contrast, the second DS spread-spectrum scheme [4]–[7] spreads
the originaldata stream to a number of subcarriers using a signature
codeinthefrequency(F)-domain,andeachchipoftheresultantspread-
spectrumsignalistransmittedbyadifferentcarrier.Hence,thisscheme
is also referred to as multicarrier CDMA (MC-CDMA) in the literature
[5],[6],[8],[9].Furthermore,thereisafamilyofmulticarrierCDMAin
which each subcarrier signalconstitutes a T-domain DS spread signal ,
but no F-domain spreading is employed. This family of multicarrier
CDMA is usually referred to as MC DS-CDMA [5], [10]–[16]. An
amalgam of these spread-spectrum schemes was proposed in [17].
This extended spread-spectrum scheme spreads the transmitted data
stream using two signature codes, where one of the signature codes
corresponds to the T-domain spreading, while the other corresponds to
the F-domain spreading. Since the proposed multicarrier DS-CDMA
scheme employs both the previously mentioned T-domain spreading
and F-domain spreading, it is referred to as TF-domain spread MC
DS-CDMA.
The beneﬁts of employing both T-domain spreading and F-domain
spreading in MC DS-CDMA systems are multifold. First, the future
generations of broadband multiple-access systems [18] are expected to
have a bandwidth on the order of tens or even hundreds of MHz. When
single-carrier based DS-CDMA or MC-CDMA using solely T-domain
spreading or solely F-domain spreading is utilized, the total system
bandwidth is related to either the T-domain spreading factor or to the
Manuscript received June 18, 2004; revised April18, 2005. This work was
supported by the Virtual Centre of Excellence in Mobile and Personal Commu-
nications, Mobile VCE, and EPSRC. The review of this paper was coordinated
by Prof. T. Lok.
The authors are with the Department of Electronics and Computer Sci-
ence, University of Southampton, Southampton, SO17 1BJ U.K. (e-mail:
lh@ecs.soton.ac.u.k).
DigitalObject Identiﬁer 10.1109/TVT.2005.861177
0018-9545/$20.00 © 2006 IEEE398 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 55, NO. 1, JANUARY 2006
F-domain spreading factor. Consequently, these broadband systems
may inevitably require a high chip-rate and long spreading codes. In
theproposedTF-domainspreadMCDS-CMAscheme,thetotalsystem
bandwidth is related to the product of the T-domain spreading factor
and the F-domain spreading factor, as we will see in our forthcom-
ing discourse. Therefore, a relatively low-chip-rate and short spreading
codescanbeemployedinTF-domainspreadMCDS-CDMAschemes.
Second,thebroadbandmultiple-accesssystemsareexpectedtosupport
a wide range of services and bit rates, as well as a number of simulta-
neous users. It is widely recognized that in CDMA-based communica-
tions, multiuser detection [19] is capable of suppressing the multiuser
interference and of signiﬁcantly increasing the system’s user capacity.
When a single-carrier DS-CDMA or a MC-CDMA, which uses high
spreading factors, is invoked for the sake of supporting a large number
of users, the employment of advanced multiuser detection algorithms
becomes impracticaldue to their high compl exity. By contrast, in the
proposed TF-domain spread MC DS-CDMA schemes, simultaneous
users can be separated in both the T-domain and the F-domain direc-
tionswiththeaidofuniquesignaturecodes.Furthermore,wewillshow
that multiuser detection can be carried out separately in the T-domain
and F-domain, while achieving a similar detection performance to
that of joint TF-domain processing. Consequently, the detection com-
plexity of the proposed scheme can be signiﬁcantly decreased com-
paredtothatofaconventionalsingle-carrierDS-CDMAorMC-CDMA
scheme.
In this contribution, we investigate various detection schemes suit-
able for demodulating the TF-domain spread MC DS-CDMA signals,
and study the detection performance of these detection schemes when
communicating over additive white Gaussian noise (AWGN) channels.
In addition to the conventional single-user correlator, we also con-
sider two well-known linear multiuser detection algorithms, namely,
the decorrelating algorithm [19] and the minimum mean square error
(MMSE) algorithm [19]. As we mentioned previously, the TF-domain
spreadMCDS-CDMAsignalscanbejointlydetectedafteraccomplish-
ingT-domainaswellasF-domaindespreading.However,detectioncan
also be carried out in two steps, where the ﬁrst detection step is accom-
plished in the T-domain, and the second in the F-domain. Therefore,
in this contribution, we refer to the former detection scheme as joint
TF-domain detection, while to the latter as separate TF-domain detec-
tion. Four multiuser detectors (MUD) are considered, which are listed
as follows:
1) joint TF-domain decorrelating MUD;
2) joint TF-domain MMSE MUD;
3) separate TF-domain decorrelating/MMSE MUD, where decor-
relating is invoked for T-domain detection and MMSE is used
for F-domain detection; and
4) separate TF-domain MMSE/decorrelating MUD, where MMSE
is used for T-domain detection, and decorrelating is employed
for F-domain detection.
Theremainderofthiscontributionisorganizedasfollows:SectionII
describes the TF-domain spread MC DS-CDMA signal. Section III
considerscorrelationbaseddetectionoftheTF-domainspreadMCDS-
CDMA signals. By contrast, in Section IV, we investigate multiuser
detectionsinvokedinthecontextofTF-domainspreadMCDS-CDMA
system. In Section V, we consider the issue of detection complexity. In
Section VI, we provide our simulation results, and in Section VII, we
present our conclusions.
II. MC DS-CDMA SIGNALS USING TF-DOMAIN SPREADING
The transmitter schematic of MC DS-CDMA using both T-domain
and F-domain; i.e., TF-domain spreading, is shown in Fig. 1 in the
Fig. 1. Transmitter modelof MC DS-CDMA using both time-domain and
frequency-domain spreading.
context of the kth user. At the transmitter side, the binary data stream
bk(t) is ﬁrst direct-sequence (DS) spread using the T-domain signature
sequence ak(t). Following T-domain DS spreading, the spread signal
is divided into M parallel branches, where each branch of the signal
is multiplied by the corresponding chip value of the F-domain spread-
ing sequence ck =[ ck[1],c k[2],...,c k[M]]T of length M. Following
F-domain spreading, each of the M branch signals modulates one of
the M subcarrier frequencies using binary phase shift keying (BPSK).
Then,theM numberofsubcarrier-modulatedsubstreamsarecombined
for forming the transmitted signal sk(t). Hence, the transmitted signal
of user k can be expressed as
sk(t)=
 
2P
M
M  
m =1
bk(t)ak(t)ck[m]cos(ωmt),k =1 ,2,...,K
(1)
where P represents the identicaltransmitted power of each user, and
{ωm}M
m =1 represents the subcarrier frequency set. The binary data
stream’s waveform bk(t)=
 ∞
i=0 bkPTb (t − iTb) consists of a se-
quence of mutually independent rectangular pulses of duration Tb,
and of amplitude +1 or −1, both having an equalprobabil ity. In the
T-domain spreading sequence ak(t)=
 ∞
j=0 akjPTc (t − jTc) of the
kth user, PTc (t) represents the rectangular T-domain chip waveform,
whichisdeﬁnedover theinterval[0,T c).WeassumethattheT-domain
spreading factor is N = Tb/Tc, which represents the number of chips
per bit-duration, and short T-domain spreading sequences are used.
Furthermore, we assume that the subcarrier signals are orthogonal, and
thatthespectralmain-lobesofthesubcarriersignalsarenotoverlapping
with each other.
In the system studied, K synchronous TF-domain spread MC DS-
CDMA signals obeying the form of (1) are transmitted over AWGN
channels.Weassumethatthepowerreceivedfromeachuserisidentical,
implying perfect power control. Consequently, the received signal can
be expressed as
r(t)=
K  
k=1
 
2P
M
M  
m =1
bk(t)ak(t)ck[m]cos(ωmt)+n(t) (2)
where n(t) represents the AWGN having zero mean and double-sided
power spectrum density of N0/2.
As shown in Fig. 1 and (1), each TF-domain spread MC DS-CDMA
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Fig. 2. Receiver modelof MC DS-CDMA using both time-domain and
frequency-domain spreading.
T-domain, and the other in the F-domain. The employment of concate-
natedTF-domainspreadingisbeneﬁcialinthecontextofvariousdetec-
tionschemes,allowingustoachieveasatisfactorytradeoffbetweenthe
affordable detection complexity and the achievable detection bit error
rate (BER) performance. In the following two sections, we analyze the
detection of TF-domain spread MC DS-CDMA signals by invoking
various detection schemes. Speciﬁcally, in Section III, a single-user
correlation detector is studied in order to show the similarity of the
proposed TF-domain spread MC DS-CDMA and conventionalsingl e-
carrierDS-CDMA[20]usingsolelyT-domainspreading,aswellasthat
of conventional MC-CDMA [21] using solely F-domain spreading. By
contrast, in Section IV, we ﬁrst investigate two linear multiuser detec-
tion schemes, namely the decorrelating MUD and the MMSE MUD in
thecontextofjointTF-domaindetection.Then,thecombinationsofthe
decorrelating and MMSE MUDs are studied in the context of separate
TF-domain detection. Finally, these combined MUDs are compared to
the joint TF-domain decorrelating MUD and to the joint TF-domain
MMSE based MUD. We now consider the single-user detection of
TF-domain spread MC DS-CDMA signals.
III. SINGLE-USER DETECTOR
Let the uth user be the user-of-interest, and consider the correlator-
based receiver of Fig. 2, which carries out the inverse operations of the
functions seen in Fig. 1. As shown in Fig. 2, the output variable related
to the ﬁrst data bit corresponding to the mth subcarrier of the uth user
can be expressed as
Zum =
  Tb
0
r(t)au(t)cos(ωmt)dt
u =1 ,2,...,K, m=1 ,2,...,M .( 3 )
Upon substituting (2) into (3) and considering the orthogonality be-
tween different subcarriers, it can be shown that the output variable
Zum of Fig. 2 can be expressed as
Zum =
 
P
2M
Tb

 
 
Dum +
K  
k =1
k =u
Ik,m + Num

 
 
(4)
where Num is contributed by n(t) of (2), which is a Gaussian random
variable having zero mean, and a variance of MN0/2Eb,w h e r eEb =
PT b represents the energy per bit. In (4), Dum is the desired output
derived by substituting (2) into (3) and setting k = u. Hence, Dum
can be written as Dm = bucu[m]. Finally, in (4), Ik,m represents the
multiuser interference (MUI) imposed by the kth user, which can be
expressed as
Ik,m =
1
Tb
bk
  Tb
0
ak(t)au(t)ck[m]dt
= bkck[m] ×
1
Tb
  Tb
0
ak(t)au(t)dt. (5)
In (5), ρku = (1)/(Tb)
  Tb
0 au(t)ak(t)dt represents the correlation
factor between the T-domain spreading sequences au(t) and ak(t) of
users u and k. Hence, (5) can be rewritten as
Ik,m = bkck[m]ρuk,k =1 ,2,...,K; m =1 ,2,...,M. (6)
Consequently,theoutputvariablecorrespondingtotheﬁrsttransmitted
data bit, the mth subcarrier, and the uth user can be expressed as
Zum =
 
P
2M
Tb



bucu[m]+
K  
k =1
k  =u
bkck[m]ρuk + Num



u =1 ,2,...,K; m =1 ,2,...,M.( 7 )
The decision variable Zu of Fig. 2, which corresponds to the ﬁrst
transmitted data bit of the reference user u, is obtained by despreading
each of the M branch outputs {Zu1,Z u2,...,Z uM} using the uth
user’s F-domain spreading sequence cu, which can be expressed as
Zu =
M  
m =1
cu[m]Zum
=
 
P
2M
Tb



M  
m =1
cu[m]Dum +
K  
k =1
k  =u
M  
m =1
cu[m]Ik,m
+
M  
m =1
cu[m]Num



=
 
PM
2
Tb



bu +
K  
k =1
k  =u
bkρuk
1
M
M  
m =1
cu[m]ck[m]+Nu



(8)
where Nu =( 1 ) /(M)
 M
m =1 cu[m]Num, which is a Gaussian ran-
dom variable having zero mean and a variance of N0/2Eb.I n( 8 ) ,w e
deﬁne βuk = 1
M
 M
m =1 cu[m]ck[m], which is the correlation factor
betweentheF-domainspreadingsequencescu andck assignedtousers
u and k. Then, (8) can be expressed as
Zu =
 
PM
2
Tb

 
 
bu +
K  
k =1
k =u
bkρukβuk + Nu

 
 
,u =1 ,2,...,K.
(9)
Since Nu is a Gaussian distributed random variable, Zu is also a
Gaussian random variable. Its mean is given by
 
(PM)/(2)Tb{bu +
 K
k =1
k  =u bkρukβuk}, and its variance is given by MN0Tb/4. Finally,
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single-user detector can be expressed as
Pb =
1
2K −1
 
b1∈{−1,+1}
···
 
b k ∈{−1,+1}
k =u
···
×
 
bK ∈{−1,+1}
Q



 
2Eb
N0


1 −
K  
k =1
k =u
bkρukβuk





 (10)
whereQ(x)istheGaussianQ-function.Furthermore,iftheMUIcanbe
approximated by an additive Gaussian variable, then the approximated
BER can be expressed as
Pb ≈ Q






 2Eb
N0
 −1
+
K  
k =1
k =u
ρ
2
ukβ
2
uk



−1/2

. (11)
Equations (10) and (11) show that for a given signal-to-noise ratio
(SNR) per bit value, the BER performance is determined by the
MUI, which is a function of both the correlation factors {ρuk} of the
T-domain spreading codes, as well as of the correlation factors {βuk}
of the F-domain spreading codes. Bycontrast, the BER performance of
the conventionalsingl e-carrier DS-CDMA using T-domain spreading
depends solely on the correlation factors of the T-domain spreading
codes. Following a similar argument, the BER performance of conven-
tional MC-CDMA using F-domain spreading depends solely on the
correlation factors of the F-domain spreading codes. Furthermore, we
can see that the BER performance of these CDMA schemes exhibits
nosubstantialdifference, providedthatthe correlationproperties of the
T- and F-domain spreading schemes are similar, which results in
similar MUI values.
IV. MULTIUSER DETECTOR
In the previous section we have considered single-user detection
of the TF-domain spread MC DS-CDMA signals. In this section, we
consider the detection of TF-domain spread MC DS-CDMA signals
using two well-established MUD algorithms, namely, the decorrelat-
ing and the MMSE algorithms, as well as their combinations. Both
joint and separate TF-domain detection are investigated. The deci-
sion statistics of joint TF-domain detections are obtained after both
T-domain and F-domain despreading. By contrast, in the context of
separate TF-domain detection, the multiuser TF-domain spread MC
DS-CDMA signals are detected in a ﬁrst step in the T-domain, fol-
lowed by detection in the F-domain. Since, in this case, the T-domain
and F-domain detections are carried out separately, various combi-
nations of MUD algorithms may be invoked for balancing the trade-
off between the achievable BER performance and the MUD com-
plexity imposed. In this contribution, for the sake of comparison to
joint TF-domain MUDs, we consider the combinations of decorre-
lating/MMSE and MMSE/decorrelating MUDs, where the ﬁrst de-
tector in decorrelating/MMSE (or MMSE/decorrelating) is used for
T-domain detection, while the second detector in decorrelating/MMSE
(or MMSE/decorrelating) is for F-domain detection.
A. Joint TF-Domain Multiuser Detection
By observing (9) and considering the detection of K users, it can
be shown that after removing the common factor of
 
(PM)/(2)Tb
associated with all the different users, the decision variables of the K
users can be written as
Z = Rb + n (12)
where we have
Z =[ Z1,Z 2,...,Z K ]
T (13)
b =[ b1,b 2,...,b K ]
T (14)
n =[ N1,N 2,...,N K ]
T (15)
and
R =

 

1 ρ12β12 ... ρ 1K β1K
ρ21β21 1 ... ρ 2K β2K
. . .
. . .
...
. . .
ρK 1βK 1 ρK 2βK 2 ... 1

 
. (16)
Furthermore, in (12), n is a zero-mean random Gaussian vector having
a covariance of
E[nn
T ]=
N0
2Eb
R. (17)
Note that, the product of the T-domain spreading factor of N =
Tb/Tc andtheF-domainspreadingfactorofM hasadegreeoffreedom
of MN. Therefore, the correlation matrix R is nonsingular, provided
that the number of users K does not exceed MN, i.e., if we have K ≤
MN. Furthermore, the multiuser detector of the TF-domain spread
MC DS-CDMA system is capable of suppressing up to (MN − 1)
number of interfering users when a T-domain spreading factor of N
and an F-domain spreading factor of M are employed.
Based on (12), the K number of TF-domain spread MC DS-CDMA
signals can be detected by invoking different MUD algorithms [19].
Let us ﬁrst consider the joint TF-domain decorrelating detector.
1) Joint TF-Domain Decorrelating Detector: In the context of the
decorrelating MUD invoked for the detection of the TF-domain spread
MC DS-CDMA signals, the ﬁnal decision variables associated with
bk,k=1 ,2,...,K are obtained by multiplying both sides of (12)
with the inverse of R, i.e., with R−1, which can be expressed as
R
−1Z = b + R
−1n (18)
and the corresponding data bit bk is classiﬁed according to ˆ bk =
sgn((R−1Z)k) for k =1 ,2,...,K.
According to the analysis of [19, (5.43)], it can be shown that the
BER of the joint TF-domain decorrelating MUD can be expressed as
Pb = Q
 2Eb
N0
 
1 − aT
k R−1
k ak
 
(19)
where ak is the kth column of the matrix generated by removing the
diagonalel ement of R,a n dRk is the (K − 1) × (K − 1) matrix that
results by striking out the kth row as well as the kth column of R.
2) Joint TF-Domain MMSE Detector: The MMSE MUD imple-
ments the linear mapping, which minimizes the mean-square error
between the actualdata and the soft outputs of the conventionaldetec-
tor; i.e., Z of (12). It has been shown in [19] that the MMSE solution
is arrived at by multiplying both sides of (12) with the inverse of
(R +( N0)/(2Eb)I); i.e., with (R +( N0)/(2Eb)I)−1, which can be
expressed as
 
R +
N0
2Eb
I
 −1
Z =
 
R +
N0
2Eb
I
 −1
Rb +
 
R +
N0
2Eb
I
 −1
n
(20)
while the corresponding data bits bk are decided according to ˆ bk =
sgn(((R +( N0)/(2Eb)I)−1Z)k) for k =1 ,2,...,K.
Unfortunately, the analysis of the BER of the joint TF-domain
MMSE detector is not as straightforward as that of the decorrelat-
ing detector, since the linear MMSE detector does not eliminate the
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B. Separate TF-Domain Multiuser Detectors
Intheprecedingsection,thejointdetectionoftheTF-domainspread
MC DS-CDMA signals was considered based on the decision statistics
obtainedafterbothT-domainandF-domaindespreading.Thedegreeof
freedom of the joint TF-domain detector is determined by the product
of the T-domain spreading factor of N and by the F-domain spread-
ing factor of M. Therefore, joint TF-domain MUDs are capable of
suppressing up to (NM − 1) number of interferers. According to our
analysis in Section IV-A, the joint TF-domain MUDs have to invert a
matrix having a rank of K, which may be as high as NM, if the sys-
tem is fully loaded, i.e., supporting NM users. This statement is valid
for both the decorrelating and the MMSE MUDs. We now consider
the separate T- and F-domain detection of the TF-domain spread MC
DS-CDMA signals, where MUD is carried out ﬁrst in the T-domain,
followed by processing in the F-domain. It can be shown that for
the separate TF-domain MUDs, the rank of the matrix invoked for
T-domain detection is on the order of N, while that used for F-domain
detection is on the order of M.
Note that, generally, in the context of separate TF-domain MUDs,
the number of degrees-of-freedom is determined by the sum of
the T-domain spreading factor of N and the F-domain spreading
factor of M. Therefore, a separate TF-domain MUD is only capable
of suppressing up to (N + M − 1) number of interfering signals.
However, our analysis considering synchronous TF-domain spread
MC DS-CDMA shows that separate TF-domain MUDs may also
be rendered capable of suppressing up to (NM − 1) number of
interferers, as will now be discussed.
Let {a1(t),a 2(t),...,a N (t)} and {c1,c2,...,cM } be the N
number of T-domain spreading sequences and M number of F-
domain spreading sequences, respectively, where cu =[ cu[1]cu
[2]...c u[M]]T ,u=1 ,...,M represents an F-domain spreading
code. Furthermore, we assume that the number of active users is K,
and we introduce a new variable of K =  K/N ,w h e r e x  repre-
sents the smallest integer not less than x. Then, we have 1 ≤K≤M,
since K ≤ NM. With these assumptions, the K number of users sup-
ported can be grouped into N user groups, with each group supporting,
at most, K users. Consequently, it can be readily shown that each of
the N user groups can be distinguished by assigning one of the N
number of T-domain spreading sequences {a1(t),a 2(t),...,a N (t)}.
By contrast, the 1 ≤K≤M number of user signals of a given group
are distinguishable with the aid of the K number of F-domain spread-
ing sequences chosen from the set {c1,c2,...,cM }. Speciﬁcally, for
the users belonging to the nth group, the transmitted signals can be
expressed as
sn(t)=
 
2P
M
K  
κ=1
M  
m =1
bnκ(t)an(t)cκ[m]cos(ωmt)
n =1 ,2,...,N (21)
where bnκ(t),n=1 ,2,...,Nis the transmitted waveform of the user
correspondingtothenthgroupn =1 ,2,...,N,whichisdistinguished
by the T-domain spreading sequence an(t) using the κth F-domain
spreading code for κ =1 ,2,...,K.
The received signalis the composite mul tiuser signalconstituted
by the superposition signals of the N user groups, plus the AWGN
contribution of the channel, which can be expressed as
r(t)=
 
2P
M
N  
n=1
K  
κ=1
M  
m =1
bnκ(t)an(t)cκ[m]cos(ωmt)+n(t).
(22)
The transmitted data of a given user can be detected with the aid
of its T-domain group signature sequence as well as its F-domain
spreading sequence, which can also be described as its user signature
sequence. Since T-domain and F-domain detection are carried out sep-
arately, various detection algorithms can be invoked in the T-domain
and F-domain detection stages. In this contribution, as examples, the
decorrelating and the MMSE based MUD algorithms are investigated.
The decorrelating MUD has the advantage of simplicity—each user
can be detected independently, without requiring the knowledge of the
received signal’s amplitude, and without requiring the knowledge of
the noise power. However, a disadvantage of the decorrelating MUD is
that it ampliﬁes the background noise. By contrast, the MMSE MUD
is capable of suppressing the background noise with the aid of the
knowledge of the SNRs associated with the users.
Let Zu[m] represent the receiver’s output with respect to the mth
subcarrierintheuthusergroup,afterdespreadingusingtheuthgroup’s
T-domain signature sequence au(t). Then, Zu[m] can be expressed as
Zu[m]
=
 
P
2M
Tb

 
 
K  
κ=1
buκcκ[m]+
N  
n =1
n =u
K  
κ=1
bnκcκ[m]ρun + Num

 
 
u =1 ,2,...,N; m =1 ,2,...,M (23)
where Num is a Gaussian random variable having zero-mean and a
variance of MN0/2Eb. Furthermore, the N number of outputs cor-
responding to the N number of user group signals and to the mth
subcarrier can be written in a matrix form as
Z[m]=Rtbg + nm,m =1 ,2,...,M (24)
where the common factor of
 
(P)/(2M)Tb in (24) has been ignored
forsimplicity.In(24),thesubscriptg inbg isusedforemphasizingthat
the current detection stage is at the group level, while the subscript t
associated with Rt emphasizes that it is the cross-correlation matrix of
the T-domain spreading sequences. The rank of Rt is N. Furthermore,
the terms in (24) are detailed as
Z[m]=[ Z1[m],Z 2[m],...,Z N [m]]
T (25)
bg =
 
K  
κ=1
b1κcκ[m],
K  
κ=1
b2κcκ[m],...,
K  
κ=1
bNκcκ[m]
 T
(26)
nm =[ N1m,N 2m,...,N Nm]
T (27)
Rt =




1 ρ12 ... ρ 1N
ρ21 1 ... ρ 2N
. . .
. . .
...
. . .
ρN 1 ρN 2 ... 1



. (28)
Note that nm of (27) is a zero-mean Gaussian random vector having a
covariance matrix of
E
 
nmn
T
m
 
=
MN0
2Eb
Rt. (29)
With the aid of (24), we now characterize the separate MUDs invoked
for detecting the TF-domain spread MC DS-CDMA signals.
1) Separate Decorrelating/MMSE Detector: In the context of the
separate TF-domain decorrelating/MMSE MUD, the N variables of
(24) associated with the N user groups are ﬁrst processed by a decor-
relator with respect to each of the M subcarriers. Speciﬁcally, the
decorrelated group signals are obtained by multiplying both sides of402 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 55, NO. 1, JANUARY 2006
(24)withtheinverseofthecross-correlationmatrixRt oftheT-domain
spreading sequences, which is expressed as
zm = R
−1
t Z[m]=bg + R
−1
t nm,m =1 ,2,...,M (30)
wherezm isaN-dimensionalvectorrepresentingthesoftoutputsofthe
group-signaldecorrel ators corresponding to the N number of groups
after the decorrelation process, and R−1
t nm is a random Gaussian
vector having the covariance matrix given by
E
  
R
−1
t nm
  
R
−1
t nm
 T  
=
MN0
2Eb
R
−1
t . (31)
After the decorrelation process, the composite multiuser signal con-
tained in the nth user group is constituted by the nth element of zm,
which is represented as (zm)n and can be expressed as
(zm)n =
K  
κ=1
bnκcκ[m]+( R
−1
t nm)n
n =1 ,2,...,N; m =1 ,2,...,M. (32)
With the aid of (32), the K number of users contained in the
nth group can now be uniquely identiﬁed by their corresponding
F-domain spreading sequences {c1,c2,...,cK}. The F-domain de-
spread signalcorresponding to the vth (v =1 ,2,...,K) user in the
nth (n =1 ,2,...,N) group can be expressed as
Fnv =
1
M
M  
m =1
(zm)n · cv[m]
= bnv +
K  
κ =1
κ =v
bnκβvκ +
1
M
M  
m =1
(R
−1
t nm)ncv[m]
n =1 ,2,...,N; v =1 ,2,...,K (33)
whereβij isthecorrelationfactoroftheF-domainspreadingsequences
ci andcj,asdeﬁnedinSectionIII.ConsideringthatthereareKnumber
of users in the nth group, the K number of variables expressed in the
form of (33) can be written in a compact matrix form as
Fn = Rf bn + nf (34)
where we have
Fn =[ Fn1,F n2,...,F nK]
T (35)
bn =[ bn1,b n2,...,b nK]
T (36)
Rf =




1 β12 ... β 1K
β21 1 ... β 2K
. . .
. . .
...
. . .
βK1 βK2 ... 1



. (37)
In (34), the subscript f associated with Rf emphasizes that Rf is the
cross-correlationmatrixoftheF-domainspreadingsequences.Further-
more, in (34), nf is a K-dimensionalrandom Gaussian vector having
a zero-mean and a covariance matrix given by
E
 
nf n
T
f
 
=
N0
2Eb
 
R
−1
t
 
nn Rf . (38)
Since the variance of the last term in (33) is (N0)/(2Eb)(R
−1
t )nn,
which is independent of the index v, the MMSE solution based
F-domain MUD can be implemented by multiplying both sides of
(34) with (Rf +( N0)/(2Eb)(R
−1
t )nnI)−1, which is expressed as
 
Rf +
N0
2Eb
 
R
−1
t
 
nn I
 −1
Fn
=
 
Rf +
N0
2Eb
 
R
−1
t
 
nn I
 −1
Rf bn
+
 
Rf +
N0
2Eb
 
R
−1
t
 
nn I
 −1
nf (39)
while for each given user group n,w h e r en =1 ,2,...,N, the corre-
sponding data bits bnκ are decided according to ˆ bnκ = sgn(((Rf +
(N0)/(2Eb)(R
−1
t )nnI)−1Fn)κ) for κ =1 ,2,...,K.
2) Separate MMSE/Decorrelating Detector: If we ﬁrst process the
N numberofusergroupsignalsobeying(24)withtheaidoftheMMSE
algorithm in the T-domain, then the MMSE based MUD’s soft output
can be expressed as
zm =
 
Rt +
MN0
2Eb
I
 −1
Z[m]
=
 
Rt +
MN0
2Eb
I
 −1
Rtbg +
 
Rt +
MN0
2Eb
I
 −1
nm
m =1 ,2,...,M. (40)
Let (Rt +( MN0)/(2Eb)I)−1Rt = {qij}. Then the nth element of
zm corresponding to the soft output matched to the nth group can be
expressed as
(zm)n = qnn
K  
κ=1
bnκcκ[m]+In +
  
Rt +
MN0
2Eb
I
 −1
nm
 
n
(41)
whereIn =
 N
i=1
i =n
qni
 K
κ=1 biκcκ[m]istheresidualinterferenceim-
posed by the other (N − 1) user groups after the MMSE processing.
Upon despreading (zm)n with the aid of the F-domain spreading
sequences {c1,c2,...,cK} employed by the K number of users in the
nth group, it can be shown that the despread outputs can be expressed
as
Fn = qnnRf bn + nf + If (42)
where bn and Rf are given by (36) and (37), respectively, while
(nf )κ =
1
M
M  
m =1
  
Rt +
MN0
2Eb
I
 −1
nm
 
n
· cκ[m]
κ =1 ,2,...,K (43)
(If )κ =
1
M
M  
m =1
In · cκ[m],κ =1 ,2,...,K. (44)
Following the decorrelating-based processing of (42) using the in-
verse of Rf , the decision variables associated with the K number of
users in the nth group can be expressed as
R
−1
f Fn = qnnbn + R
−1
f nf + R
−1
f If (45)
and the transmitted data bits of the users in the nth (n =1 ,2,...,N)
group can be decided according to ˆ bnκ = sgn((R
−1
f Fn)κ) for κ =
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V. DETECTION COMPLEXITY
We have investigated the detection of TF-domain spread MC DS-
CDMA signals using the conventional decorrelating and/or MMSE
multiuser detection algorithms. In the context of joint TF-domain
MUDs, the joint TF-domain decorrelating detector and the joint
TF-domain MMSE detector have been considered, which are char-
acterized by (18) and (20), respectively. As shown in (18) and (20),
the joint TF-domain decorrelating detector has to compute the inverse
of R, while the joint TF-domain MMSE detector has to determine the
inverseof(R +( N0)/(2Eb)I).Theranksofbothoftheprecedingtwo
matrices are determined by the number of users K, which may be as
high as MN. Therefore, the complexity of the joint TF-domain decor-
relatingandMMSEdetectorsisontheorderofO(K3)andO(M3N3),
respectively, when the system operates under full load. Furthermore,
the joint TF-domain decorrelating and MMSE detectors designed for
TF-domain spread MC DS-CDMA have the same detection complex-
ity as the conventionaldecorrel ating and MMSE detectors contrived
for single-carrier DS-CDMA and the complexity of conventional MC-
CDMA using F-domain spreading.
By contrast, in the context of separate TF-domain MUDs discussed
in Section IV-B, the detectors are characterized by (30) and (39) when
using the separate decorrelating/MMSE detector and by (40) and (45)
when invoking the separate MMSE/decorrelating detector. The rank
of the correlation matrices associated with the T-domain detection is
N for both of these schemes, and the rank of the correlation matrices
associated with the F-domain detection is K,w h e r eK can be as high as
M when the system is fully loaded. Hence, in the context of separate
TF-domain detection, we have to compute the inverse of a N-rank ma-
trix for the sake of T-domain detection associated with each of the M
subcarriers, as well as the inverse of a K-rank matrix associated with
each of the N user groups for the sake of the corresponding F-domain
detection. Notice that the inverse of the N-rank matrix required for
T-domain detection only has to be computed once, and it can be used
for all subcarriers. Similarly, the inverse of the K-rank matrix required
for F-domain detection is also computed only once, and it can be
used for all user groups. Therefore, the complexity of the separate TF-
domain detection schemes is on the order of O(N3 + K3), which is
limited to O(N3 + M3) when the system is fully loaded. For the sep-
arate TF-domain, detectors have to determine the inverses associated
with each of the M subcarriers in the T-domain, and with each of the
N user groups in the F-domain, the associated complexity is, hence,
on the order of O(MN3 + NK3).
Based on the preceding discussions, we argue that separate
TF-domain detectors have a lower detection complexity than joint
TF-domain detectors. If the number of users is high, the beneﬁt of
decreasing the detection complexity is substantial. In the next section,
wecomparetheBERperformanceofthedetectionschemesconsidered
in the previous sections.
VI. PERFORMANCE RESULTS
In this section, we provide a range of simulation results in order
to illustrate the achievable performance of TF-domain spread MC
DS-CDMA in conjunction with the various detection schemes consid-
eredinSectionsIIIandIV.Asexamples,weconsideredtwoTF-domain
spread MC DS-CDMA schemes which use m-sequences [3] for both
T-domain spreading and F-domain spreading. The ﬁrst scheme used
a T-domain spreading factor of N =1 5and an F-domain spreading
factor of M =7 , while the second scheme used a T-domain spreading
factor of N =7and an F-domain spreading factor of M =1 5 . Since,
in both cases, we had N × M = 105, the maximum number of users
supported is 105. We considered three types of user loads: a light user
Fig. 3. BER performance comparison of the TF-domain spread MC DS-
CDMA systems in conjunction with various detection schemes when using
a T-domain spreading factor of N =1 5 , F-domain spreading factor of M =7 ,
and supporting a totalof K =4 5users. The ﬁrst of the detectors in the legends
associated with separate TF-domain detection indicates the T-domain detection,
and the second indicates the F-domain detection.
load associated with K =4 5or 49 users, a moderate load associated
with K =7 5or 77 users, and full load corresponding to K =1 0 5
users.
Fig.3compares theBERversusSNRperbitofEb/N0 performance
of TF-domain spread MC DS-CDMA using the parameters of N =
15,M =7for the cases of load of K =4 5 . The results show that for
all three types of load, the joint TF-domain MMSE MUD achieves
the best BER performance, which is close to the single-user BER
curve. By contrast, the correlation based detector exhibits the worst
performance, in particular when Eb/N0 is high. The BER curve of the
correlation based detector exhibits an error ﬂoor at high SNR per bit
value. The BER of the joint TF-domain decorrelating MUD is always
higher than that of the joint TF-domain MMSE MUD, but as expected,
it outperforms the correlation-based detector provided that the SNR
per bit is sufﬁciently high. However, as seen in Fig. 3, the joint TF-
domain decorrelating MUD may be outperformed by the correlation
based detector if the SNR per bit value is very low. This is because
it is widely recognized [19] that the decorrelating MUD ampliﬁes
the background noise while suppressing the multiuser interference.
In the context of the separate TF-domain decorrelating/MMSE and the
MMSE/decorrelatingMUDs,weobservethatbothschemesoutperform
the joint TF-domain decorrelating MUD, while both both of them are
outperformedbythejointTF-domainMMSEMUD.However,theBER
performance of the separate TF-domain decorrelating/MMSE MUD is
close to that of the joint TF-domain decorrelating MUD.
In Fig. 4, we compare the BER versus Eb/N0 performance
of TF-domain spread MC DS-CDMA using the parameters of
N =7 ,M =1 5 . The results show that all the arguments associated
with Fig. 3 are applicable also in the context of these ﬁgures. As the
resultsofFig.4demonstrate,thejointTF-domainMMSEMUDoutper-
forms the joint TF-domain decorrelating MUD, while the separate TF-
domain decorrelating/MMSE and MMSE/decorrelating MUDs have
a BER performance ranked between that achieved by the TF-domain
MMSE MUD and that achieved by the joint TF-domain decorrelating
MUD. Furthermore, for the cases of light and moderate load, the BER404 IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 55, NO. 1, JANUARY 2006
Fig. 4. BER performance comparison of the TF-domain spread MC DS-
CDMA systems associated with various detection schemes when using a
T-domain spreading factor of N =7 , F-domain spreading factor of M =1 5 ,
and supporting a totalof K =4 9users.
Fig. 5. BER performance comparison of the TF-domain spread MC DS-
CDMA systems in conjunction with various detection schemes when using
a T-domain spreading factor of N =1 5 , F-domain spreading factor of M =7 ,
and supporting a totalof K =4 5users, where each subcarrier is experienced
with uncorrelated ﬂat Rayleigh fading.
performance of the separate TF-domain decorrelating/MMSE MUD is
close to that of the joint TF-domain decorrelating MUD. By contrast,
the BER performance of the separate TF-domain MMSE/decorrelating
MUD is close to that of the joint TF-domain MMSE MUD.
Finally, Figs. 5 and 6 illustrate the BER performance of the
TF-domain spreading assisted MC DS-CDMA system in conjunction
with different MUDs and a matched ﬁlter, when communicating over
an uncorrelated Rayleigh fading channel. Comparing these ﬁgures to
Figs. 3 and 4, we may conclude that all these MUD techniques ex-
hibit similar performance trends in a Rayleigh fading channel to those
experienced over AWGN channels.
Fig. 6. BER performance comparison of the TF-domain spread MC DS-
CDMA systems in conjunction with various detection schemes when using
a T-domain spreading factor of N =7 , F-domain spreading factor of M =1 5 ,
and supporting a totalof K =4 9users, where each subcarrier is experienced
with uncorrelated ﬂat Rayleigh fading.
VII. CONCLUSION
In summary, in this contribution, we have proposed and studied a
MC DS-CDMA scheme which employs both T-domain and F-domain
spreading. We have investigated both joint and separate TF-domain
detection of the TF-domain spread MC DS-CDMA signals. In order
to characterize the performance and the advantages of the proposed
TF-domain spread MC DS-CDMA scheme, we have investigated
and compared its BER performance in conjunction with a range of
detectors. These detectors include the single-user correlation based
detector, thejointTF-domain decorrelating MUD,the jointTF-domain
MMSE MUD, the separate TF-domain decorrelating/MMSE MUD,
and the separate TF-domain MMSE/decorrelating MUD. The results
of our study demonstrate that the separate TF-domain MUD schemes
are capable of achieving a similar BER performance to that of the joint
TF-domain MUD schemes, while imposing a signiﬁcantly lower de-
tection complexity than the joint TF-domain MUD schemes. Due to its
low detection complexity, the employment of TF-domain spread MC
DS-CDMA invoking separate TF-domain MUDs is beneﬁcialin the
context of broadband wireless systems supporting a large number of
users.
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Improved Channel Decoding for the CDMA Forward Link
Chip-Level LMMSE Receiver
Geoffrey G. Messier and Witold A. Krzymien ´
Abstract—Thispaperinvestigateshowtoimprovechanneldecodertrellis
path metric calculations when convolutional or turbo codes are combined
with the chip-level linear minimum mean square error (LMMSE) code di-
vision multiple access (CDMA) mobile receiver. These metric calculations
require channel state information (CSI) that consists of desired signal am-
plitude and interference plus noise variance. Several techniques suitable
for use with the chip-level LMMSE receiver are presented for estimat-
ing CSI. Chip-level simulations are used to evaluate CDMA forward link
performance when these techniques are used by the mobile. The results
indicate that the channel state estimation scheme that provides the best for-
ward link performance depends on the type of channel code and channel
decoder algorithm used in the system.
Index Terms—Channel state estimation, code division multiple access
(CDMA), LMMSE equalization, Rake receiver, turbo codes.
I. INTRODUCTION
The work presented in this paper aims to improve the performance
of both convolutional and turbo codes on the code division multiple
access (CDMA) forward link when the chip-level linear minimum
mean square error (LMMSE) receiver is used in the mobile. This im-
provement is achieved by using estimation techniques that provide the
mobil e channeldecoder with better channelstate information (CSI).
The chip-level LMMSE receiver has received considerable attention
in the area of CDMA forward link advanced receiver research [1]–[3].
It cancels CDMA forward link intracell interference by equalizing the
received chip waveform and restoring the orthogonality of the forward
link Walsh spreading sequences.
The performance of turbo codes with chip-level LMMSE equaliza-
tion and LogMAP decoding has been investigated by Hooli et al. [4].
In that paper, pilot symbols embedded in the trafﬁc transmission are
used to estimate CSI. However, Hooli et al. do not consider the variety
of other CSI estimation schemes that could be used with the chip-level
LMMSE receiver or investigate how these schemes could affect for-
ward link performance. They also do not consider turbo decoding with
the soft-output Viterbi decoder (SOVA) algorithm, which, as this paper
will illustrate, has very different channel state estimation requirements
than the LogMAP decoder.
Severalal ternatives have been proposed for channelstate estimation
when the mobile uses the conventional RAKE receiver. Worm et al.
advocate using the SOVA turbo decoder metric without any CSI [5].
SummersandWilson[6]presentan“online”SNRestimationtechnique
for turbo decoding in a time-invariant AWGN channelthat has been
extended by Rameshet al. to wireless applications [7], [8]. The authors
havealsodevelopedchannelstateestimationtechniquesfortheCDMA
forward link that improve convolutional and turbo code performance
for mobiles with conventional RAKE receivers [9], [10].
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